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a  b  s  t  r  a  c  t
Pseudobrookite-type  oxide-based  ceramics,  such  as  Al2TiO5 and  MgTi2O5, have recently  been  studied
as  porous  ceramic  membranes.  Here,  the effect  of  LiF  doping  on the  morphology  of MgTi2O5 particles
is  presented  in detail.  Water  puriﬁcation  ﬁlters  were  produced  using  porous  MgTi2O5, with  different
particle  morphologies.  MgCO3 (basic)  and  TiO2 powders  with  various  LiF  contents  were  wet-ball  milled,
dried,  and  then,  calcined  in air at 1100 ◦C to obtain  the MgTi2O5 powders.  The  powder  compacts  wereeywords:
gTi2O5
iF mineralizer
orous ceramics
ater puriﬁcation
sintered  at  1000–1200 ◦C to produce  the MgTi2O5 disk  ﬁlters.  The  0.5  wt.%  LiF-doped  MgTi2O5 disk  ﬁlter,
with  elongated  grains,  showed  well-balanced  performance  removing  boehmite  particles  with  diameter
of 0.7  m. Non-doped  MgTi2O5 disk  ﬁlter  with  equiaxed  grains  was  suitable  for  precise  ﬁltration.
©  2015  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  All  rights  reserved.
Table 1
Lattice constants and liner thermal expansion of MgTi2O5 [5].
Lattice constants (Å) [at 20 ◦C] Lattice constants
(Å) [at 1020 ◦C]
Liner thermal expansion
(×10−6/◦C) [20–1020 ◦C]eparation efﬁciency
. Introduction
Pure water is essential for all creatures. However, bacteria and
iruses do pollute water, and they sometimes cause illnesses, par-
icularly in developing nations. For drinking water, it is necessary
o remove these harmful bacteria. Membrane separation, which
ses a uniformly porous ﬁlter, has been of interest due to its (1)
igh processing capacity per surface area, (2) high reproducibil-
ty, and (3) easy operation and maintenance. In particular, porous
eramic membranes with the pseudobrookite-type structure have
een energetically studied because of their durability [1–4].
The pseudobrookite-type structure always has anisotropic lin-
ar thermal expansion (Table 1) [5], caused by the distortion of
eO6 octahedra. This effect induces plenty of microcracks in bulk
eramics. These characteristics of the pseudobrookite structure are
avorable to obtain low bulk thermal expansion, but inevitably also
esult in poor mechanical properties.
Magnesium dititanate (MgTi2O5) has a pseudobrookite-type
tructure generally expressed as Me3O5 (Fig. 1) [5–8]. MgTi2O5 has
ess crystallographic anisotropy and, therefore, somewhat better∗ Corresponding author at: Division of Materials Science, Faculty of
ure and Applied Sciences, University of Tsukuba, Ibaraki 305-8573, Japan.
el.:  +81 298535026; fax: +81 298534490.
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Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.06.005
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Produca = 3.7442 a = 3.7529 ˇa = 2.3 ± 0.2
b  = 9.7363 b = 9.8418 ˇb = 10.8 ± 0.5
c  = 9.9870 c = 10.1450 ˇ c= 15.9 ± 0.8
mechanical properties than other pseudobrookite-type ceramics
[9]. Thus, it is applicable for next-generation diesel particulate ﬁl-
ters (DPF) [10,11], also as other applications such as thermistor [12],
white pigment [13], catalyst [14], and photocatalyst [15].
Recently, we have brieﬂy reported the synthesis of elongated
MgTi2O5 particles from MgCO3 (basic) and TiO2 anatase powders
with 0.5 wt.% LiF doping [16]. The morphology of MgTi2O5 can be
controlled with or without LiF additive. Here, further studies are
presented clarifying the effect of LiF doping on the morphology of
MgTi2O5 particles. Water puriﬁcation ﬁlters were produced with
differing porous morphologies of MgTi2O5. Separation efﬁciency
was evaluated in terms of turbidity and ﬂow-rate.
2. Experimental procedure2.1. Synthesis and characterization of MgTi2O5 powders
As for our previous work [16], commercially available MgCO3
(basic) powder (99.9% purity, Kojundo Chemical Laboratory Co. Ltd.,
tion and hosting by Elsevier B.V. All rights reserved.
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part of MgTiO3 particles (i.e. intermediate product) remained unre-
acted due to the lack of further reaction with TiO2, caused by theFig. 1. Crystal structure of MgTi2O5 [8].
aitama, Japan), TiO2 anatase powder (99.9% purity, Kojundo Chem-
cal Laboratory Co. Ltd.) and LiF powder (98.0%, Wako Pure Chemical
nd., Ltd, Osaka, Japan) were used as the starting materials. LiF acts
s a mineralizer. Since the MgCO3 (basic) powder contains plenty
f OH groups and H2O molecules, quantitative analysis of the start-
ng powder was performed by thermogravimetry and differential
hermal analysis (TG-DTA). Based on the compositional calibration
sing TG-DTA data, MgCO3 (basic) and TiO2 powders (nominally,
g:Ti = 1:2 in mole fraction) with LiF (0.1, 0.25, 0.5, 1.0 and 2.0 wt.%
or total starting powders) were wet-ball milled in ethanol for 24 h.
he mixed slurries were vacuum dried, and put into the oven at
0 ◦C for at least 1 night. The mixed powders were then sieved
hrough a 150-mesh screen. The mixed powders with differing LiF
ompositions were calcined in air at 1100 ◦C for 2 h (ramp rate:
◦C/min) to obtain the MgTi2O5 powders.
The microstructure of the powders was observed by ﬁeld
mission scanning electron microscopy (FE-SEM, SU-70, Hitachi
igh-Tech., Tokyo, Japan). The resulting phases were analyzed by
-ray diffraction (XRD, Cu-K, 40 kV and 40 mA,  Multiﬂex, Rigaku,
okyo, Japan).
.2. Preparation and evaluation of MgTi2O5 water puriﬁcation
lters
As starting materials, both non-doped MgTi2O5 powder
equiaxed particles) and the 0.5 wt.% LiF-doped MgTi2O5 powder
elongated rod-like particles) were used for water puriﬁcation ﬁl-
er (WPF). 3.1 g of each MgTi2O5 powder and 0.175 mL  of 3.5 wt.%
oly(vinyl alcohol) aq. solution were mixed in an agate mortar, then
niaxially pressed at 8.3 MPa  holding for 1 min, and then repressed
t 16.6 MPa  for 1 min  to obtain green compacts with dimensions
f ∼32 mm in diameter and ∼2.5 mm in thickness. The compacts
ere sintered in air at 1000–1200 ◦C for 2 h to obtain MgTi2O5
isk ﬁlters. Fig. 2 illustrates the setup of a laboratory-made vac-
um ﬁlter system operated at 90 kPa with a ﬁltration diameter of
2 mm.
The test suspensions of commercially available boehmite
AlOOH) powders (mass: 0.1 g) with different average particle size
f 0.7 m (named C06) and 0.1 m (C01) (Taimei Chemicals Co.
td, Japan) were dispersed in 250 mL  of distilled water. The sizes
f C06 and C01 are comparable to those of various bacteria and
ome large viruses, respectively. These suspensions were ﬁltered
hrough each MgTi2O5 disk, and the turbidity of the ﬁltered liq-
id was measured by a portable turbidity meter (TN100R, Eutech
nstruments, Singapore). The ﬂow-rate was calculated by using the
ltrate volume and the ﬁltration time.Fig. 2. Setup of (a) vacuum ﬁltration and (b) enlarged illustration of ﬁlter part.
3. Results and discussion
3.1. Morphology control of MgTi2O5 particles by LiF doping
Fig. 3 shows XRD patterns of non-doped and LiF-doped
MgTi2O5 powders. The non-doped and 0.1–0.25 wt.% LiF-doped
MgTi2O5 powders consisted of single-phase MgTi2O5, whereas the
0.5–2.0 wt.% LiF-doped MgTi2O5 powders consisted of MgTi2O5
with a trace of MgTiO3, which is an intermediate reaction product
of MgO–TiO2 binary system [11].
Fig. 4 demonstrates SEM images of the MgTi2O5 powders. The
non-doped MgTi2O5 powder consisted of equiaxed particles with
the diameter of 0.5–1.5 m.  The 0.1–0.25 wt.% LiF-doped MgTi2O5
powders also consisted of equiaxed particles, similar to non-doped
MgTi2O5. On the other hand, the 0.5 wt.% LiF-doped MgTi2O5 pow-
der consisted of elongated rod-like particles with the length of
∼5–10 m and the diameter of ∼1.0–1.5 m. With 1.0 wt.% of LiF,
some particles grew slightly longer than those with 0.5 wt.% of LiF,
and some were agglomerated. With 2.0 wt.% of LiF, a greater part
of MgTi2O5 particles were consolidated to form large secondary
particles.
Some equiaxed particles found in the samples with ≥0.5 wt.% of
LiF can be attributed to MgTiO3 particles, as reported in our prelim-
inary study [16], which was in good agreement with current XRD
results in Fig. 3. In the 0.1–0.25 wt.% LiF-doped powders, however,
MgTiO3 particles did not remain. These results suggest that a smallanisotropic growth of MgTi2O5 particles. Note that the main peak
of unreacted TiO2 rutile might be overlapped with that of MgTi2O5.
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Table 2
Boehmite suspensions in water.
Powder code C06 C01
Average particle size of powder, d50 (m) 0.7 0.08Fig. 3. XRD patterns of non-dop
.2. Evaluation of MgTi2O5 disk ﬁlters
Two types of test suspensions shown in Table 2 were ﬁltered
y porous MgTi2O5 disk ﬁlters with different porosities. Turbid-
ty and average ﬂow rate were evaluated for the ﬁltered liquids.
ig. 5 shows appearance, turbidity and average ﬂow rate of ﬁl-
ered liquids using non-doped MgTi2O5 and 0.5 wt.% LiF-doped
gTi2O5 disk ﬁlters for (a) boehmite C06 suspension (average
article size = 0.7 m)  and (b) boehmite C01 suspension (aver-
ge particle size = 0.08 m).  At ﬁrst, we discuss the results on the
ig. 4. SEM images of MgTi2O5 powders with/without LiF addition: (a) without LiF,
b)  0.1 wt.%, (c) 0.25 wt%, (d) 0.5 wt.%, (e) 1.0 wt.% and (f) 2.0 wt.%.Speciﬁc surface area of powder, SBET (m2/g) 102 21
Turbidity of suspension (NTU) 958 609
suspension with larger particles (Fig. 5(a)). The turbidity of the
liquid through non-doped MgTi2O5 (red open-circle) was very
small (∼0.35 NTU) at a relatively small porosity (∼28%). Substan-
tially transparent water was  obtained. The turbidity increased at a
larger porosity (∼50%), but it was still small, <5 NTU. The average
ﬂow rate of the liquid through non-doped MgTi2O5 (red closed-
circle) slightly increased and then slightly decreased with increased
porosity. The slight decrease of the average ﬂow rate at the higher
porosity is attributable to the sedimentation of trapped particles in
pore channels.
Next, the turbidity for 0.5 wt.% LiF-doped MgTi2O5 (blue open-
square) was  rather high (∼21 NTU) at a porosity of ∼37% (sintered at
1200 ◦C), indicating that the ﬁlter performance was not sufﬁcient.
Inhomogeneous microstructure at a higher sintering temperature
might be a reason for this result (see also Fig. 6). With increasing
the ﬁlter porosity, ∼45% and ∼53%, turbidity was much improved
to 11.8 and 2.2 NTU, respectively. This improvement is attributable
to the above-mentioned sedimentation effect (i.e. clogging) of the
trapped particles. Substantially transparent water was  successfully
obtained for the porosity of ∼53%. The average ﬂow rate for 0.5 wt.%
LiF-doped MgTi2O5 (blue closed-square) showed the tendency sim-
ilar to that of the non-doped MgTi2O5, but somewhat higher. From
a viewpoint of applications, the 0.5 wt.% LiF-doped MgTi2O5 ﬁlter
with porosity of ∼53% (sintered at 1000 ◦C) was  well-balanced in
this study. This well-balanced performance was realized by the 3-
D network structure of anisotropic rod-like MgTi2O5 grains, which
can trap ﬁner boehmite particles even by larger-size surface and
internal pores.
Then, we  discuss the results on the suspension with smaller
particles (Fig. 5(b)). The tendency of turbidity with porosity for
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sig. 5. Appearance, turbidity and average ﬂow rate of ﬁltered liquids through non-d
article size: 0.7 m) and (b) suspension C01 (average particle size: 0.08 m).
on-doped MgTi2O5 (red open-circle) was similar to that in
ig. 5(a). The turbidity increased at a larger porosity (∼53%), but
t was still small, <5 NTU. The average ﬂow rate for non-doped
gTi2O5 (red closed-circle) was generally smaller than in Fig. 5(a)
ue to the clogging. The turbidity for 0.5 wt.% LiF-doped MgTi2O5
blue open-square) was almost constant at porosity of ∼35–45%,
ig. 6. SEM image of the surface of 0.5 wt.% LiF-doped MgTi2O5 porous ﬁlter (sin-
ered at 1200 ◦C, porosity: 37.4%) after ﬁltration of suspension C06 (average particle
ize: 0.7 m).gTi2O5 and 0.5 wt.% LiF-doped MgTi2O5 disk ﬁlters for (a) suspension C06 (average
but increased at 50%. This result suggests that some of the ﬁne par-
ticles passed through the disk ﬁlter before the clogging. The average
ﬂow rate for 0.5 wt.% LiF-doped MgTi2O5 (blue closed-square) was
almost constant as ∼3 mL/min. This constant value re-indicates the
sedimentation of ﬁne particles within the pore channels.
4. Conclusions
In this study, we controlled the morphology of MgTi2O5 particles
by LiF doping. Effects of morphology and porosity of sintered porous
MgTi2O5 disk ﬁlters on water puriﬁcation performance were eval-
uated.
(1) The non-doped and 0.1–0.25 wt.% LiF-doped MgTi2O5 parti-
cles had equiaxed morphology, while the 0.5 wt.% LiF-doped
MgTi2O5 particles had anisotropic rod-like morphology. The
1.0–2.0 wt.% LiF-doped MgTi2O5 particles also had anisotropic
rod-like shape but tended to be coalescent.
(2) For the ﬁltration of larger particles (0.7 m boehmite), the
0.5 wt.% LiF-doped MgTi2O5 disk ﬁlter with porosity of ∼53%
showed well-balanced performance (i.e. low turbidity and high
average ﬂow rate), caused by a 3-D network structure of rod-
like particles, whereas the non-doped MgTi2O5 disk ﬁlter was
favorable for more precise ﬁltration with less turbidity.
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3) For the ﬁltration of smaller particles (0.08 m boehmite), dif-
ference between the non-doped and the doped ﬁlters became
smaller due to the clogging of trapped particles. From the
viewpoint of turbidity, the non-doped ﬁlter showed superior
performance. Throughout this study, morphology control of ﬁl-
ter particles will be an effective way to obtain water puriﬁcation
ﬁlters with desired performance.
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